Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal disease characterized by an age-related progressive degeneration of both upper and lower motor neurons (Leigh and Ray-Chaudhuri, 1994) . Approximately 5-10% of ALS cases are familial and exhibit an autosomal-dominant pattern of inheritance (Siddique et al., 1996) . A major discovery in the study of ALS was the finding of missense mutations in the enzyme copper-zinc superoxide dismutase (SOD1), which is associated with 15-20% of familial ALS cases (Rosen et al., 1993) . This led to the development of transgenic mouse models and spurred investigations into disease pathogenesis (Gurney et al., 1994; Ripps et al., 1995; Wong et al., 1995; Bruijn et al., 1997) . Neuroinflammation is one of the pathological hallmarks in ALS transgenic mice (West et al., 1991; Almer et al., 2001; Ghezzi and Mennini, 2001; Consilvio et al., 2004; Kiaei et al., 2005b) .
Tumor necrosis factor-␣ (TNF-␣) is a major inflammatory cytokine that elicits a wide range of biological responses, including neuronal apoptosis (Tewari and Dixit, 1996; MunozFernandez and Fresno, 1998; Venters et al., 2000) . TNF-␣ mediates its biological effects through activation of two distinct receptors, TNF-R1 and TNF-R2 (Tartaglia and Goeddel, 1992) . Both TNF-␣ and its proapoptotic receptor TNF-R1 mRNA are elevated at late presymptomatic stages of disease in the lumbar spinal cord of G93A mice (Hensley et al., 2002 (Hensley et al., , 2003 Yoshihara et al., 2002) . Expression of both the cytokine and its receptors continues to increase during the paralytic phase of disease (Hensley et al., 2002 (Hensley et al., , 2003 Yoshihara et al., 2002) . Upregulation of TNF-␣ precedes transcriptional upregulation of other pro-inflammatory gene products and temporally correlates with progression of the disease in G93A mice (Hensley et al., 2002 (Hensley et al., , 2003 . A similar elevation of pro-inflammatory cytokines has been reported in slowly progressing strains of G93A SOD1 transgenic mice and in G37R SOD1 mice (Elliott, 2001; Nguyen et al., 2001; Kriz et al., 2002) . In addition, both TNF-␣ and soluble TNF receptor are elevated in serum of humans with ALS (Poloni et al., 2000) . TNF-␣ is capable of activating microglia and causing neurotoxicity in motor neurons that are compromised by accumulation of aggregated proteins (Robertson et al., 2001) .
Fibroblast-associated cell-surface ligand (FasL) may play a critical role in the death of motor neurons associated with mutant SOD1 (Raoul et al., 2002) . Furthermore, TNF-␣ can induce FasL (Pinkoski et al., 2002) . When TNF-␣ binds to its receptor (e.g., TNF-R1) similar to the events that take place when FasL binds to Fas, then death-inducing signaling complex (DISC) will form, and caspase-8 is activated, which leads to apoptotic cell death.
In the present study, we examined the temporal pattern of TNF-␣ and FasL immunoreactivity in the lumbar spinal cord of G93A mice. Because previous work showed that the proinflammatroy cytokines TNF-␣ and FasL are elevated in both human and mouse models of ALS, and play a role in the pathogenesis of ALS, we tested the neuroprotective effects of thalidomide and lenalidomide, two immunomodulatory agents that inhibit TNF-␣ production (Corral et al., 1999; Bartlett et al., 2004) .
Materials and Methods
Mice. G93A SOD1 transgenic familial ALS mice (high copy number) (Gurney et al., 1994) were obtained from The Jackson Laboratory (Bar Harbor, ME). All protocols were conducted within National Institutes of Health guidelines for animal research and were approved by the Institutional Animal Care and Use Committee. We maintained the transgenic G93A hemizygotes by mating transgenic males with B6SJLF1/J hybrid females. Transgenic offspring were genotyped by PCR assay of DNA obtained from tail tissue. G93A transgenic mice were assigned randomly to the control (vehicle), 50 mg/kg/d thalidomide, and 100 mg/kg/d thalidomide groups given in 1ϫ PBS suspension by gavage daily. The dosing regimen was partly based on the study by Boireau et al. (1997) , in which thalidomide treatment was examined against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine toxicity in mice at doses of 25 and 50 mg/kg. We used our starting dose of 50 mg/kg and used 100 mg/kg to examine the effect of a higher dose. Six N1029 (wild-type SOD1 transgenic) mice and six mice from the thalidomide-and vehicle-treated groups were killed at 110 d of age for histological evaluation. For the lenalidomide experiment, G93A mice were assigned randomly to the control (vehicle) and 100 mg/kg/d lenalidomide groups. The lenalidomide dose was based on thalidomide best dose effect in G93A mice. Treatments started from 30 d of age in all cases. Lenalidomide feed admix was blended at Dyets (Bethlehem, PA). Six mice per group were used for neuronal cell counts and immunohistochemistry. Six G93A mice were used from each group at 110 d of age for biochemical analysis. Because of species-specific potency, doses used in this study cannot be extrapolated for human and should be used as guidelines only. The effective and safe dose of thalidomide or lenalidomide for humans remains to be determined in clinical trials.
Survival. The initial sign of disease in G93A transgenic mice is a resting tremor that progresses to gait impairment, asymmetrical or symmetrical paralysis of the hindlimbs, followed by complete paralysis at the end stage. Mice were killed when they were unable to roll over within 20 s after being pushed on their side, and this time point was recorded as the time of death.
Motor function testing (rotarod) . Motor function of these mice was assessed by rotarod twice per week starting at 70 d of age. Mice were trained for 2-3 d to become acquainted with the rotarod apparatus (Columbus Instruments, Columbus, OH). The testing began by placing the mice on a rod rotating at 12 rpm, and the time that mice stayed on the rod (until falling off or staying the maximum 5 min) was recorded as a measurement of the competence of their motor function. To determine the onset of symptoms, a 15 rpm for 10 min protocol was used. Three trials were performed, and the best result of the three trials was recorded.
Reverse transcription-PCR. Total RNA (2.5 g) from spinal cords of G93A mice treated with thalidomide or vehicle and B6SJL controls was transcribed into cDNA using the Superscript First-Strand synthesis system for reverse transcription (RT)-PCR (Invitrogen, San Diego, CA) following the manufacturer's directions.
Real-time quantitative RT-PCR. Real-time quantitative RT-PCR analyses were performed using the Roche (Welwyn Garden City, UK) LightCycler System. The primers used were as follows: TNF-␣, sense 5Ј-GACCCAGTGTGGGAAG-3Ј and antisense 5Ј-GGTTCAGTGATGT-AGCGA-3Ј; glyceraldehyde-3-phosphate dehydrogenase (GAPDH), sense 5Ј-CCATGGAGAAGGCTGGG-3Ј and antisense 5Ј-CAAAA-GTTGTCATGGATGACC-3Ј.
PCR was performed with the SYBR Green Quantitative RT-PCR kit (Sigma, St. Louis, MO) using 2 l of diluted cDNA in 20 l final reaction mixture according to the manufacture's protocol. PCR cycling parameters in the LightCycler were as follows: 95°C for 2 min for one cycle, followed by 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s on single acquisition mode for 40 cycles. After amplification, a melting-curve analysis was performed, and the specificity of the PCR products was confirmed by gel electrophoresis. Template cDNA was replaced with PCRgrade water as a negative control. Calculations of threshold cycle and difference were analyzed with LightCycler analysis software (Roche). The amounts of TNF-␣ and GAPDH cDNA were calculated using linear regression analysis from standard curves for both TNF-␣ and GAPDH, and the amount of TNF-␣ cDNA was expressed as a percentage of GAPDH.
Histological evaluation and stereological analysis. Mice were perfused transcardially with 0.1 M cold PBS for 1 min, followed by cold 4% paraformaldehyde in PBS for 10 min. The spinal cords were dissected carefully, and the lumbar segment was identified using the ribs and the vertebrae as a guide. Tissues were postfixed in 4% paraformaldehyde for 6 h. Blocks were cryoprotected in 30% sucrose for 24 h.
For stereological analysis, serial coronal sections (50 m thick) were cut through the lumbar (L1-L4) spinal cord enlargements from wildtype controls and vehicle-, thalidomide-, or lenalidomide-treated G93A mice as described previously (Kiaei et al., 2005a) . Briefly, cell counts were made within an area demarcated by a horizontal line drawn through the central canal and encompassing the ventral horn of gray matter to include layers 7-9. The size of the x-y sampling grid was 200 m. The counting frame thickness was 14 m, and the counting frame area was 4900 m 2 . Data were expressed as mean Ϯ SEM. A separate set of sections was collected as free-floating sections and processed for immunohistochemistry. The sections were immunostained with antibodies to TNF-␣ (Serotec, Raleigh, NC), FasL (Santa Cruz Biotechnology, Santa Cruz, CA), CD40 (Serotec, Oxford, UK), and glial fibrillary acid protein (GFAP; Dako, Carpinteria, CA), using a modified avidin-biotin peroxidase technique. The immunoreaction was visualized using 3,3Ј-diaminobenzidine tetrahydrochloride dihydrate with nickel intensification (Vector Laboratories, Burlingame, CA) as the chromogen. The sections were mounted onto gelatin-coated slides, dehydrated, cleared in xylene, and coverslipped. The specificity of immunostaining was confirmed by omission of the primary antibody.
Double immunofluorescence was performed to demonstrate the glial localization of TNF-␣ and FasL. Sections were incubated for 18 h in the primary antibody mixture containing anti-TNF-␣ or anti-FasL and the astrocyte marker anti-GFAP. After rinsing with PBS, sections were incubated for 1 h in a mixture of Cy2-conjugated anti-rabbit IgG and Cy3-conjugated anti-mouse IgG (both at 1:200 in 0.5% BSA/PBS).
Human tissues. Paraffin-embedded spinal cord tissues from ALS patients (n ϭ 6; four males and two females) and non-neurological disease controls (n ϭ 6; three males and three females) were kindly provided by Dr. A. P. Hays (Columbia Presbyterian Medical Center, New York, NY). One of the ALS patients had an I113T mutation of the SOD1 gene. Controls consisted of patients diagnosed with one of the following: cardiac disease, human immunodeficiency virus/peritoneal hemorrhage, diabetes/cardiac disease, chronic lymphocytic leukemia/sepsis, or cardiac failure. The mean age at death was 59 years (range, 27-69) for ALS patients and 65 years (range, 54 -73) for controls.
Paraffin sections (7 m thick) were prepared and processed for TNF-␣ or FasL immunohistochemistry as described above. Before immunostaining, the sections were incubated in an antigen unmasking solution (pH adjusted to 3.0; Vector Laboratories) at 37°C for 30 min.
Multiprobe ribonuclease protection assays. Total RNA was extracted from rapidly frozen spinal cord (one-half cord from each mouse) using a method described previously (Hall et al., 1998) . Commercial ribonuclease protection assay (RPA) probe sets (PharMingen, San Diego, CA) were used to detect specific RNAs. Radiolabeled probes were synthesized from DNA templates containing a T7 RNA polymerase promoter. Radiolabeled probes were mixed and hybridized with 5-10 g of total RNA and treated with RNase A and T1 and resolved on 5% polyacrylamide/8 M urea gels. Dried gels were developed using a PhosphorImager (Storm 840 PhosphorImager; Molecular Dynamics, Sunnyvale, CA), and bands were quantified using instrument-resident software.
Statistical analysis. Kaplan-Meier survival analysis and Logrank (Mantel-Cox) were used for survival comparisons. ANOVA was followed by the Newman-Keuls test to determine statistical differences in lumbar spinal cord neuron counts between groups. Repeated-measures ANOVA was used for rotarod comparisons. The Mann-Whitney test was used for real-time PCR data.
Results

TNF-␣ and FasL immunoreactivity in G93A SOD1 mouse model of ALS
We investigated the temporal pattern of TNF-␣ and FasL immunoreactivity in G93A SOD1 mice at 40 and 60 d (asymptomatic), 90 d (early symptomatic), 110 d (fully symptomatic), and end stage (120 -135 d) in the ventral horn of the lumbar spinal cords. Immunohistochemical analysis showed little TNF-␣ immunoreactivity at 40 d, which appeared similar to controls in the motor neurons of the ventral horn in the lumbar spinal cord. At 60 d, motor neurons from G93A mice with a healthy appearance were stained with TNF-␣ moderately, and immunoreactivity became more intense at 90 and 110 d. The remaining atrophied motor neurons were less intensely stained at end stage ( Fig. 1) . TNF-␣ colocalized with the motor neuron marker (SMI-32) (Kiaei et al., 2006) in the lumbar spinal cord section of G93A mice. TNF-␣ staining also occurred in actrocytes at 110 d of age as demonstrated by colocalization with the astrocyte marker GFAP by double immunofluorescence (Fig. 1) .
Strong immunoreactivity for FasL was evident in neurons as early as 40 d. However, FasL immunoreactivity was less pronounced at 110 d (Fig. 2) . Both TNF-␣ and FasL immunoreactivity persisted relatively strong in the lumbar spinal cord sections of G93A mice at end stage (data not shown). We also examined the FasL immunoreactivity in astrocytes by double labeling with the astrocyte marker GFAP. FasL immunoreactivity colocalized with GFAP, indicating that FasL immunostaining was found in both neurons and astrocytes similar to TNF-␣.
TNF-␣ and FasL immunoreactivity in human ALS
Consistent with the immunohistochemical findings in ALS transgenic mice, intense TNF-␣ and FasL immunoreactivity occurred in the lumbar spinal cord sections from an ALS patient with a SOD1 mutation (I113T) as well as sporadic ALS patients, whereas control tissues showed very little or no TNF-␣ and FasL immunoreactivity (Fig. 3) . TNF-␣ and FasL coexisted in the motor neurons.
Thalidomide and lenalidomide treatment
We investigated the effect of thalidomide and lenalidomide treatment in G93A mice. Oral administration of thalidomide resulted in a significant improvement in the survival of G93A mice in a dose-dependent manner compared with the survival of G93A mice treated with saline (see Fig. 5 ). After oral administra- tion of lenalidomide in mice, it rapidly absorbed into the system circulation with a T max of 42 min for doses of 50 and 200 mg/kg when tested in wild-type mice (data not shown). Lenalidomide treatment in G93A mice resulted in slightly better survival; however, it was not significantly different from thalidomide at 100 mg/kg (see Fig. 5 ). Each treatment was compared with its own control group. Disease onset was delayed, and the disease progression was slowed with both of the compounds. Histological analysis revealed that the increase in survival was associated with a marked dose-dependent decrease in TNF-␣ immunoreactivity in the motor neurons and glial cells in the spinal cord lumbar regions of G93A mice compared with saline-treated controls (data not shown). We show that thalidomide treatment reduced TNF-␣ and FasL immunoreactivity in the spinal cords of G93A mice (Figs. 1, 2) .
Motor performance and weight loss G93A mice treated with thalidomide or lenalidomide had significantly better motor performance from 98 to 155 d of age than mice given saline (Fig. 4) . Additionally, thalidomide and lenalidomide attenuated weight loss from the age of 70 d compared with saline-treated G93A controls (data not shown).
Survival
The mean survival in G93A mice treated with 50 mg/kg thalidomide was increased from 130 Ϯ 8.5 d (n ϭ 10) to145 Ϯ 19 d (ϳ12%; n ϭ 10; p Ͻ 0.03) and with 100 mg/kg thalidomide was increased to 151 Ϯ 19 d (ϳ16%; n ϭ 12; p Ͻ 0.003) compared with G93A controls treated with saline (Fig. 4) . Lenalidomide treatment at 100 mg/kg significantly increased the mean survival of G93A mice from 130 Ϯ 4 d (n ϭ 7) to 154 Ϯ 16 d (n ϭ 12; ϳ18.5%; p Ͻ 0.0001) (Fig. 5) .
Nissl-stained neuronal cell count
Thalidomide and its analog significantly attenuated neuronal loss in the lumbar spinal cord of G93A mice. The number of surviving Nissl-stained neurons at 110 d of age was significantly higher in G93A mice treated with thalidomide or lenalidomide compared with G93A mice on the control diet ( p Ͻ 0.01) (Fig. 6) .
TNF-␣ mRNA in G93A mice
To determine whether TNF-␣ mRNA is upregulated and whether thalidomide and lenalidomide can block its mRNA elevation in the spinal cord of G93A mice, real-time quantitative PCR was performed using cDNA synthesized from total RNA extracted from the spinal cords of G93A SOD1 mice treated with thalidomide or lenalidomide, vehicle-treated G93A mice, and N1029 mice (wildtype SOD1 overexpressers) at 110 d of age. TNF-␣ mRNA was increased 10-fold in G93A SOD1 mice compared with control littermates ( p Ͻ 0.005) (Fig. 7) . Thalidomide and lenalidomide treatment reduced TNF-␣ mRNA significantly ( p Ͻ 0.01).
Cytokine levels by multiprobe RPAs
Total RNA isolated from the half spinal cords of treated and control G93A mice at 110 d of age were subjected to RPA. RPA showed that both thalidomide and lenalidomide downregulated interleukin (IL)-12p40 and upregulated TGF-␤1 and IL-1RA in treated G93A mice compared with vehicle-treated G93A mice (Fig. 8) . Lenalidomide also downregulated IL-1␣ and IL-1␤. No The effect of thalidomide and lenalidomide treatments on survival in G93A transgenic mice. The cumulative (Cum.) probability of survival for mice beginning at 30 d of age treated with vehicle, 50 mg/kg thalidomide, 100 mg/kg thalidomide, and 100 mg/kg lenalidomide is shown. There is a significant increase in survival in treated G93A mice ( p Ͻ 0.02). Values are mean Ϯ SEM. ࡗ, 50 mg/kg thalidomide; OE, 100 mg/kg thalidomide; f, 100 mg/kg lenalidomide; f, vehicle-treated G93A SOD1.
changes were detected in IL-12p35, IL-10, IL-18, IFN␥ or IFN␤, IL-6, TGF-␤3, and LT␣ or LT␤ (data not shown).
Discussion
Pro-inflammatory cytokines are implicated in ALS pathogenesis. Previous evidence for inflammatory mechanisms in ALS comes from a number of studies (Almer et al., 2001; Elliott, 2001; Hensley et al., 2002; Yoshihara et al., 2002) . The loss of motor neurons in transgenic mouse models and in human postmortem tissue is accompanied by a robust glial reaction and microglial activation (Hirano, 1996; Schiffer et al., 1996; Hall et al., 1998) . Furthermore, inducible nitric oxide synthase is upregulated in activated microglia in the spinal cord of transgenic ALS mice (Almer et al., 1999) . The proinflammatory factors IL-6 and IL-1␤ are increased in the CSF and spinal cord, respectively, in ALS patients (Almer et al., 1999) . IL-1␤ is also increased in transgenic mouse models of ALS (Ghezzi et al., 1998; Li et al., 2000; Elliott, 2001 ). Inhibition of IL-1␤ activation slowed disease progression in a transgenic mouse model of ALS (Li et al., 2000) .
TNF-␣ and FasL are important mediators of inflammation, and they play a role in apoptosis. Studies performed in mouse models of ALS and patients with ALS show increases in TNF-␣. In ALS patients, antigenic TNF-␣ and its soluble receptors measured by ELISA were significantly higher in ALS patients than in healthy controls (Poloni et al., 2000) . RT-PCR showed increased TNF-␣ mRNA expression in spinal cords of G93A mice at 4 months of age, correlating with the onset of astroglial activation (Elliott, 2001 ). Levels of TNF-␣ message increased as the mice matured and became weaker, reaching a maximum at 7.5-8 months of age in low copy number G93A mice (Elliott, 2001) . The mRNA for TNF-␣ receptors was also present. A study using RPAs showed increased Fas-associated death domain (FADD) and TNF-␣ receptor p55 at 80 d, which increased further at 120 d in high-expressing G93A mice (Hensley et al., 2002) . Using in situ hybridization, TNF-␣ was increased in the lumbar spinal cord of G37R SOD1 mice at 7 and 10 months of age, and the signal was unchanged in the absence of IL-1␤ (Nguyen et al., 2001 ). Gene expression profiling using a Clontech (Mountain View, CA) array showed increased TNF-␣ expression at 11 weeks of age (5.3-fold) in G93A SOD1 mice, which increased further at 14 and 17 weeks (8-fold) (Yoshihara et al., 2002) .
Glial cells are the major source of TNF-␣ expression in the CNS. We found that both lumbar spinal cord motor neurons and glia from G93A SOD1 mice express high levels of TNF-␣, and this occurs at 60 d, well before the onset of symptoms. The increased immunoreactivity was much more pronounced at 90 and 110 d of age. An increase in TNF-␣ mRNA was confirmed by real-time RT-PCR in G93A mice at 110 d. Double labeling of TNF-␣ with GFAP confirmed expression of TNF-␣ in astrocytes (Fig. 1) . This is consistent with a previous study in which TNF-␣ immunoreactivity was increased at 17 weeks of age in microglia and motor neurons of G93A SOD1 mice (Yoshihara et al., 2002) .
Fas triggers cell death in embryonic motoneurons by a pathway requiring upregulation of neuronal nitric oxide synthase and involving Daxx, apoptosis signal-regulated kinase 1, and p38 as well as the FADD/caspase-8 pathway (Raoul et al., 2002) . This pathway was not found in other cells. It was upregulated in motoneurons from transgenic mice with the G37R, G85R, or G93A mutations. This is of interest, because TNF-␣ upregulates FasL (Pinkoski et al., 2002) and enhances FasL-induced cell death in vivo (Ghezzi et al., 1998) . FasL immunostaining increased in the lumbar spinal cord of G93A mice as early as 40 d of age. FasL immunostaing in neurons is apparent because of their size and morphology; we used double labeling to show that astrocytes stained for FasL, and this colocalized with GFAP (Fig. 2) . Increased FasL immunostaining was observed in human postmortem spinal cord tissues, and TNF-␣ immunostaining was found in the neurons of adjacent sections, suggesting that FasL and TNF-␣ are coexpressed in these neurons (Fig. 3) .
Because both TNF-␣ and FasL immunostaining were increased in G93A mice, we examined the effects of thalidomide and its analog lenalidomide, which inhibits the stability of TNF-␣ mRNA (Moreira et al., 1993) . These inhibitors significantly inhibited TNF-␣ and FasL expression in motor neurons of G93A mice. There was a delay of disease onset and a significant attenuation of disease progression in G93A SOD1 mice (Figs. 4 -6 ). The survival data in this study suggest that these compounds may have efficacy if treatment is started from the onset of symptoms, because there was a slowing in progression of disease (see curve slope in Fig. 5 ) with both of these compounds as well as a delay in the onset of disease.
Quantitative RT-PCR showed that both thalidomide and lenalidomide significantly reduced TNF-␣ mRNA levels at 110 d of age. Both compounds also inhibited IL-12p40, IL-1␣, and IL-1␤. IL-1RA and TGF-␤1 mRNA were upregulated in G93A mice treated with thalidomide and lenalidomide (Fig. 8) .
Our findings provide additional evidence for a role of proinflammatory cytokines in ALS and suggest that TNF-␣ and FasL and related cytokines have important triggering roles in the pathogenesis of ALS in initiating a cell death pathway(s). TNF-␣ binds to TNF receptor-1 and activates it to ligate with TNF-␣ receptor-associated death domain (TRADD), forming the DISC that leads to activation of caspase-8, resulting in Bid cleavage and the activation of executioner caspases-3, -6, and -7. FasL works in a similar way by binding to Fas/CD95 receptor and activate it to cause FADD ligation and DISC formation, which also leads on to caspase-8 activation, Bid cleavage, and, ultimately, activation of caspases-3, -6, and -7 (Nagata, 1997 (Nagata, , 1999 Pinkoski et al., 2000; Ugolini et al., 2003) . Because these two pathways converge on caspase-8 activation, they may have synergistic effects. Our study provides the first evidence that thalidomide and lenalidomide may have therapeutic value for treatment of human ALS.
In this study, the efficacy of lenalidomide was slightly superior to thalidomide. Lenalidomide inhibited TNF-␣ with less potency compared with thalidomide; in contrast, lenalidomide was more potent in inhibiting other cytokines such as IL-12p40, IL-1␣, and IL-1␤. This could be the underlying reason for higher potency of lenalidomide over thalidomide. However, our data suggest that these compounds are targeting other cytokines, and it also suggests that many pro-inflammatory cytokines may act together via one or several pathways to cause motor neuron degeneration in ALS. Furthermore, thalidomide and lenalidomide are able to upregulate anti-inflammatory cytokines such as IL-1RA and TGF-␤1, which may have neuroprotective effects. These results suggest that maybe many pathways are blocked by thalidomide and lenalidomide and many are activated.
Thalidomide (Thalomid) is currently Food and Drug Administration (FDA) approved for the acute treatment of the cutaneous manifestations of moderate to severe erythema nodosum leprosum, and a new drug application for lenalidomide (Revlimid) has been submitted to the FDA for the treatment of patients with transfusion-dependent anemia attributable to low or intermediate-1 risk myelodysplastic syndromes associated with a deletion of 5q cytogenetic abnormality. In both erythema nodosum leprosum and myelodysplastic syndromes, upregulation of TNF-␣ production is postulated to contribute to disease pathogenesis. Because thalidomide is known to cause birth defects, we 4 treated G93A mice. d, IL-1RA RNA was elevated in vehicle-treated G93A mice compared with wild type (N1020 controls) and significantly elevated further in both lenalidomide-and thalidomide-treated G93A mice. e, TGF-␤1 RNA was not changed significantly in vehicletreated G93A mice compared with wild type (N1020 controls) but significantly elevated further in both lenalidomide-and thalidomide-treated G93A mice. Cytokine RNA amounts in different samples were normalized against (L32 ϩ GAPDH) RNA multiplied by 1000 and presented as an arbitrary number per (L32 ϩ GAPDH) RNA (*p Ͻ 0.5; **p Ͻ 0.05; ***p Ͻ 0.005; Student's t test). WT, Wild type. Values are mean Ϯ SEM. Figure 8 . Cytokine analysis and the effect of thalidomide and lenalidomide in G93A mice spinal cord total RNA. Spinal cord total RNA was used against a RPA multiprobe of cytokines. a, IL-1␣ RNA was elevated in vehicle-treated G93A mice compared with wild type (N1020 controls) and significantly reduced in lenalidomide-treated G93A mice while unchanged in thalidomide-treated G93A mice. b, IL-1␤ RNA was elevated in vehicle-treated G93A mice compared with wild type (N1020 controls) and significantly reduced by lenalidomide but not thalidomide treatment. c, IL-12p40 RNA was elevated in vehicle-treated G93A mice compared with wild type (N1020 controls) and significantly reduced in both lenalidomide-and thalidomide-emphatically warn that thalidomide should be prescribed under strict guideline if a clinical trial is to be conducted.
The suppression of spinal cord TNF-␣ mRNA in our study by thalidomide and lenalidomide, hence extension of survival in G93A mice, suggests that this class of immunomodulatory agents may have efficacy in diseases of the CNS associated with inflammatory neuronal damage. Thalidomide and lenalidomide therefore have promise as therapeutic agents for the treatment of ALS.
